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Abstract 

Mossbauer spectroscopy and X-ray absorption fine structure (XAFS) spectroscopy 
have been used to characterize the atomic structure and size dispersion of iron-based 
direct coal liquefaction (DCL) catalysts synthesized by a variety of methods. Samples 
investigated included a sulfated Fe,O, catalyst, iron added to several coals by chemical 
impregnation, and iron added to lignite by cation exchange. In the as-dispersed state, all 
of these catalysts were in the form of superparamagnetic ferric oxides or oxyhydroxides. 
Size distributions were determined by measuring the percentages of iron contributing to 
magnetic hyperfine Mossbauer spectra at several temperatures between liquid helium 
and room temperature, and relating each temperature to a critical particle volume. Size 
information was also obtained from third and fourth nearest neighbor (nn) iron shell 
peak amplitudes in radial structure functions derived from the XAFS spectra. 

Introduction 

There has been much interest in recent years in the use of highly dispersed iron- 
based DCL catalysts. Several roups have developed methods of preparing such catalysts 
in very highly dispersed forms!-’4) It is clearly of interest to develop methods for 
determining the structure and size of such catalysts. ”Fe Mossbauer spectroscopy has 
been used by a number of researchers to characterize DCL  catalyst^.'^^'^") Yamashita et 
al.(”) have conducted complementary Mossbauer and XAFS spectroscopy studies on 
iron-based catalysts in coal. 

In the current study, Mossbauer and XAFS spectroscopies have been used to 
characterize highly dispersed iron-based DCL catalysts prepared by several different 
research groups. The samples studied included Fe,O, dispersed on carbon black,(”) iron 
incorporated into coal by chemical impregnation with FeC13,(s7) a sulfated Fe,03 
cataly~t,(~~’~) and iron added to lignite by cation exchange. 

Experimental Procedure 

Catalyst preparation and the efficacy of the various catAysts in DCL have been 
discussed The iron cation-exchanged lignites were prepared in our own 
laboratory using procedures outlined by Walker and coworkers.(2224) A lignite from the 
Penn State sample bank (PSU 1482, Hagel seam) was used. 

A standard constant acceleration Mossbauer spectrometer was used. 
Experimental and least squares analysis procedures are discussed elsewhere.(2s26) Sample 
temperatures were varied between 12 and 295 K using a Displex cryogenic system. 

Synchrotron Light Source (NSLS) and beamline IV-1 at the Stanford Synchrotron 
The XAFS measurements were conducted on beamline X-19A at the National 
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Radiation Laboratory (SSRL). X-ray energy was varied using Si(ll1) double crystal 
monochromators. All experiments were conducted in the fluorescent mode as described 
elsewhere.('? 

Results and Discussion 

Typical Mossbauer spectra are shown in Figures 1 and 2, which show the spectra 
obtained at room temperature and 12K from a Wyodak coal impre nated with Fe from 

typical of superparamagnetic ferric oxides. As discussed in more detail elsewhereJB) the 
spectra were least squares fitted a series of Lorentzian peaks constrained as quadrupole 
doublets or magnetic sextets. For most samples, the quadrupole doublet component of 
the spectrum was dominant at room temperature and exhibited Mossbauer parameters 
typical of a ferric oxide or oxyhydroxide (isomer shift = 0.34 to 0.39 mm/s, quadrupole 
splitting 0.60 to 0.70 mm/s), while the magnetic component became dominant at low 
temperature and exhibited ferric isomer shifts (0.45 to 0.50 mm/s) and a range of 
ma netic hyperfine fields (450 to 540 kilogauss). For the samples prepared by Shabtai et 
aI.('? and the cation-exchanged lignites, the Mossbauer parameters were consistent with 
a superparamagnetic iron oxyhydroxide, while those observed for the Fe,O,/SO,'* and 
Fe,O, on carbon black were consistent with very fine particle hematite. 

As discussed elsewhere,@") when a magnetically ordered particle is small 
enough, thermal vibrations may cause the ordered spins of the particle to flip over the 
magnetic anisotropy energy barrier to a new orientation. To a first approximation, the 
frequency of spin flipping is given by 

an FeCI, and from an Fe,O, on carbon black catalyst.(" ? All spectra were 

f =f, exp[$!] 

where K, is the magnetic anisotropy constant, V is the volume of the particle, k is the 
Boltzman constant and T is the temperature. The frequency factor f, is given by Kundig 
et as 

f = V / P N , h  (2) 

where A is the molecular weight, p is the density, N, is Avogadro's number, and h is the 
Planck constant. For the magnetic anisotropy constants, we have used the values give by 
van der Kraan;(,') K, = 0.55 x I d  joule/m3 for hematite, and K, = 1.67 x 16 joule/m3 
for goethite. Eq. (2) then givesf, = 4.2 x lo9 sec-' for hematite andf, = 8.7 x lo9 sec-' ' 
for goethite. Whenfis small compared to the nuclear Larmor precession frequency of 
the "Fe nuclear magnetic moment (fL = 5 x lo' sec-I), the particle will exhibit a well- 
resolved six line magnetic hyperfine spectrum. However, when f becomes comparable to 
or exceedsf, the magnetic spectrum collapses to a two peak quadrupole doublet. 
Putting f equal to fL and rewriting Eq. (l), we obtain 

Eq. (3) can be viewed as defining a critical volume, V,, for temperature T. At 
temperature T, to a first approximation, particles of volume > V, will give rise to a six- 
line magnetic hyperfine spectrum, while particles of volume < V, will exhibit a 
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paramagnetic quadrupole doublet. 
The temperature variation of the magnetic and paramagnetic (quadrupole) 

percentages is then used with Eq. 3 to generate size distributions. The results are 
summarized in Figure 3 for all of the as synthesized catalysts investigated by size 
histogram that show the percentage of iron contained in ferric oxide particles as a 
function of particle diameter. Spherical particles are assumed in order to derive 
diameters from the volumes given by Equ. (3). The resolution of these size distributions 
depends, of course, on the number of temperatures at which spectra are obtained. As 
discussed in more detail elsewwhere, @) the error in the diameters indicated in these 
histograms is approximately ? 5 - 10 
? 5%. 

smaller than approximately 65 - 85 8, in diameter, with from 10 to 70% of the iron 
contained in particles less than 20-30 8, in diameter. Moreover, many of the particles in 
the smallest size bin may be of molecular dimensions. It is also seen that the samples 
prepared by the Shabtai FeCI, impregnation method('? exhibit the smallest size 
distributions. During the mild hydrotreatment (29OoC, 1500 psig H, hot, 2 hours) used by 
Shabtai and coworkers,($> the iron remains in the form of a ferric oxide or oxyhydroxide 
and the particle sizes increase somewhat, as seen in Figure 5. 

of the XAFS spectrum produces a radial structure function (RSF) that is similar to a 
radial distribution function. Some typical RSFs from the current samples are shown in 
Figures 4-5. As discussed in detail elsewhere,(,,) each peak represents a shell of a t o m  
surrounding the central iron atom. The peak positions on the distance axis are shifted 
slightly downward by about 0.5 8, relative to the true interatomic distances because of 
phase shifts, and the peak amplitudes are proportional to several factors, one of which is 
the shell coordination number. 

In Figure 5, the radial structure function (RSF) of a-Fe,O, is compared to that of 
the Fe,0,/S0,'2 catalyst. It is seen that the amplitudes of the peaks arising from the 
third and fourth nearest neighbor (nn) iron shells in the catalyst are significantly reduced 
relative to those of the same shells in bulk a-Fe,O,. For the cation-exchanged samples 
and for all of the Shabtai samples, before and after hydrotreatment, the RSFs are similar 
to that of goethite, but in most cases the third and fourth nn Fe shells are nearly 
undetectable. This is illustrated by Figure 4. 

peaks is that the iron atoms at or near the surfaces of these very small catalyst particles 
do not have their full complement of third and fourth iron nn. Since it may reasonably 
be expected that the first nn oxygen coordination of these iron atoms is unchanged, a 
convenient measure of the decrease in the average number of iron atoms in the third 
and fourth nn shells is the ratio of those peak heights in the RSF to that of the oxygen 
first nn shell. These peak height ratios are summarized for all catalyst samples and for 
the appropriate standard compounds in Table 1. Assuming that these ratios are 
proportional to the ratios of the coordination numbers, we can deduce the average iron 
coordination numbers for the catalysts by comparing their peak height ratios to those of 
the standard compounds for which the coordination numbers are known. These results 
are also indicated in Table 1. It is of interest to note that the third and fourth nn shell 
peaks are essentially absent from the RSFs of several of the Shabtai and cation- 
exchanged samples. However, because of the noise level of the RSFs, the lowest peak 
height ratio that can be reliably determined from the current data is approximately 0.2. 
Therefore, we can only put a lower limit on coordination numbers for these samples. 

while the error in the iron percentages is about 

It is seen that most of the catalyst particles in all of the catalysts examined are 

Fourier transformation of the extended X-ray absorption fine structure (EXAFS) 

One explanation of the decreased amplitudes of the third and fourth M iron shell 
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Table 1. Summary of peak height information from RSFs. H / G x  is the ratio of the 
height of the peak from the iron shell to that of the oxygen M shell. 

~ ~~ 

Sample 

Magnetite, Fe,O, 

PSOC 1482, ion ex. 
0.5M Fe(OOCCH,), 

Hematite, 2-Fe20, 

Fe203 on carbon black 

Goethite, a-FeOOH 

PSOC 1482, ion ex., 0.02 
M Fe (OOCCH,), 

PSOC 1482, ion ex., FeCL, 

Blind Canyon [FeCl, 
treated - Shabtai] 

- 
Peak 
No. 

3 
4 
3 
4 

3 

4 

3 
4 

3 
4 

3 

- 

- 

- 

3 

3 

3 - 

Shell 
w e  
Fe 
Fe 
Fe 
Fe 

Fe 

Fe' 

Fe 
Fe' 

Fe 
Fe * 

Fe 

Fe 

Fe 

Fe - 

Distance 
('9 

2.97 
3.49 

WHO, 
(20.1) 

1.65 
l.69 
1.00 
1.07 

1.74 

1.27 

0.91 
0.70 

1.03 
0.58 

0.80 

0.43 

< 0.2 

< 0.2 

zoord. No. 

$ 
12 
4.8 
7.6 

:* l )  

;} 4 
6 

2.1 
3.3 

2.4 
2.7 

i} 8 
4 

4.3 

c 2  

c 2  

'Oxygen neighbor shells also contribute to this peak. 

Summary and Conclusions 

A variety of iron-based liquefaction catalysts have been investigated by Mossbauer and 
XAFS spectroscopy. Samples investigated included coals subjected to an FeCI, impregnation 
treatment described by Shabtai and 
catalyst,('l) iron dispersed in a lignite by cation exchange, and a sulfated hematite catalyst 
(Fe20,/S0i2) prepared by Wender and  coworker^,("'^). The results may be summarized briefly 
as follows: 

a highly dispersed Fe,O, on carbon black 

1. Both Mossbauer and XAFS spectroscopies can determine the structure of the 
catalysts and provide information on their size. The Mossbauer technique is more 
accurate but is also a much slower measurement, typically requiring 10-20 hours, 
while the XAFS measurement normally requires about 30-60 minutes. 
In all cases, the initial as-dispersed or as-prepared catalyst is in the form of a 
highly dispersed ferric oxide or oxyhydroxide. 
Because of superparamagnetic relaxation effects, the Mossbauer spectra exhibit a 

2. 

3. 
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significant increase in the percentage of iron contributing to magnetic hyperfine 
patterns as the sample temperature is lowered. These magnetic hyperfine 
percentages may be converted into particle size distributions which indicate that 
the size of the as-dispersed ferric oxyhydroxides and oxides range from molecular 
to particles -20 - 100 8, in diameter. 

A more detailed discussion of these results will be given elsewhere.(%) 
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Figure 1- Room temperature and 12 K Mbssbauer spectra 
of a Wyodak coal impregnated with Iron 
by the Shabtal treatment. . 
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Figure 2- Room temperature and 12K Mbssbauer spectra 
of an Fe203 on carbon black catalyst. 

561 



Bllnd Canyon tr. w/ FeC13 
100 100 

80 80 

Po 
*40 *40 

20 20 

0 
20 
Av. Dlameter (8 20 65 

Av. Dlametar (A) 
0 

100 100 

80 80 

Po Po 
'40 *40 

20 20 

0 
20 20 65 
Av. Dlamatar (1; Av. Dlameter CAI 

0 

. .  
100 100 

80 80 

a60 060 

*40 *40 

20 20 

0 0 

LL Y 

20 35 45 65 
Av. Dlameter (A) 
Fa203/S04 

loo- 

Y 

*40 

20 

n 
29 85 

Av. Dlametar (A) 

20 35 45 65 
Av. Dlametar (A) 

Fa203lCarbon Black 

loo 7 
"1 I 
60 

$40 

20 

n 

t 

" 30 35 40 44 50 55 59 85 
Av. Dlameter (A) 

Figure 3- Size distribution for various as-dispersed iron 
DCL catalysts derived from Mossbauer data. 
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